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Fiber-optic  sensors  have  many  advantages,  including  small  size,  light  weight, 
immunity  to  electromagnetic  interference,  and  the  capability  of  remote  sensing.  Fiber- 
tip  sensors  are  fabricated  on  a  fiber  tip  and  are  the  smallest  type  of  fiber-optic  sensor. 
The  fiber-tip  sensors  have  attracted  a  great  deal  of  attention  in  past  years  for  pressure, 
temperature,  and  acoustic  sensing. 

In  this  thesis,  a  fiber-tip  sensor  based  on  an  ultra-thin  silver  film  was  proposed  and 
demonstrated  for  highly  sensitive  and  high  frequency  ultrasonic  detection.  The  film  is 
prepared  by  the  vacuum  thermal  deposition  method  and  then  transferred  to  the  fiber 
tip.  The  sensor  has  a  300  nm  thick  film  with  an  inner  diameter  of  75  pm, 
corresponding  to  a  static  pressure  sensitivity  of  1.6  nm/kPa  and  a  resonant  frequency 
of  1.44  MHz.  This  sensor  has  potential  applications  in  many  fields  such  as  structural 


health  monitoring  and  medical  ultrasonography. 
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Chapter  1  Introduction 

1.1  Background  and  Motivation 

1.1.1  Background 

Fiber-optic  sensors  can  be  used  to  measure  a  wide  range  of  physical  parameters,  such 
as  strain,  temperature,  pressure  and  other  quantities  by  recording  the  changes  in 
light  intensity,  phase,  polarization  or  wavelength  caused  by  these  parameters  in  the 
fiber1'6.  Compared  to  their  electronic  counterparts,  fiber-optic  sensors  can  provide 
numerous  advantages.  They  are  electromagnetically  passive  and  immune  to 
electromagnetic  interference,  which  make  them  suitable  for  operation  in 
environments  with  high  and  variable  electric  field  .  They  are  made  from  silica  glass 
so  they  are  chemically  and  biologically  inert.  Also,  the  small  size  of  optical  fibers, 
generally  on  the  order  of  hundreds  of  micrometers  in  diameter,  makes  the  fiber-optic 
sensors  physically  small  and  light  in  weight.  They  can  also  perform  distributed 
measurement,  in  which  the  measurand  can  be  determined  as  a  function  of  position 
along  the  length  of  a  fiber  or  at  a  number  of  pre-selected  locations  of  the  fiber.  The 
sensors  can  be  interrogated  from  one  end  of  the  fiber  '  .  Additionally,  the  long 
distance  transmission  capability  of  optical  fiber  enables  remote  sensing;  the 
parameters  being  measured  can  be  kilometers  away  from  the  monitoring  station10'12. 


2 


1.1.2  Fabry-Perot  Interferometer 

The  Fabry-Perot  interferometer  (FPI),  named  after  French  physicists  Charles 
Fabry  and  Alfred  Perot,  is  typically  formed  by  two  reflecting  surfaces  or  mirrors.  It 
has  been  utilized  for  sensing  applications  for  a  long  time13'14.  The  interference  is 
caused  by  waves  successively  reflected  between  the  two  parallel  surfaces.  Their 
capability  of  transferring  wavelength  encoded  information  into  an  intensity  signal 
enables  high  sensitivity  and  fast  speed  sensing.  With  the  development  of  optical  fiber 
technology,  researchers  realize  that  the  combination  of  optical  fiber  sensor  technology 
and  Fabry-Perot  interference  theory  can  form  a  new  type  of  fiber  sensor  with  many 
advantages.  Recent  developments  have  enabled  FPIs  to  be  formed  conveniently  at  the 
fiber  end.  The  so  called  Fiber-tip  FPI  sensor  combines  the  advantages  of  both  optical 
fiber  and  Fabry-Perot  interferometer  sensors15'16,  including  high  sensitivity,  easy 
fabrication,  small  size  and  low  cost.  Fig.  1.1  shows  a  typical  structure  of  the  fiber-tip 
FPI  sensor. 


Figure  1.1  Fiber-tip  FPI  sensor 

Several  fabrication  techniques  for  Fiber-tip  sensors  (FPI)  using  various  film  materials, 

17  18  19  20 

such  as  silica  ,  polymer  ,  pyrex  ,  and  graphene  ,  have  been  demonstrated  in  the 
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past  few  years.  Most  of  them  are  based  on  silica  film,  which  is  obtained  by  splicing 
another  piece  of  optical  fiber  to  the  fiber  end  face  followed  by  cleaving  ’  '  .  These 
sensors  have  high  temperature  capability.  However,  due  to  the  limited  precision  of  the 
cleaving  process,  the  film  is  typically  tens  of  micrometers  thick,  which  reduces  the 
sensor  sensitivity.  Although  hydrofluoric  acid  etching  can  reduce  the  film  thickness 
and  improve  the  sensitivity,  it  is  still  a  big  challenge  to  achieve  the  sub-micrometer 
thickness  for  silica  film21  25  26. 

Polymers  films  fabricated  onto  the  fiber  tip  from  solutions  also  have  been 
demonstrated  ’  '  .  They  are  usually  a  few  micrometers  thick.  The  thermal  and 
chemical  instability  of  the  polymer  film  have  limited  their  applications.  Recently,  a 
Fabry-Perot  fiber  sensor  based  on  an  ultra- thin  silver  film  on  the  order  of  100  nm  was 

in 

reported  for  high  sensitivity  pressure  measurement  sensor  .  The  film  was  prepared 
by  solution  based  silver  mirror  reaction  and  was  absorbed  to  the  end  face  of  a  fiber 
ferrule.  This  film  preparation  method  is  limited  to  the  silver  material.  Furthermore, 
the  sensor  size  is  much  larger  than  the  fiber  diameter  due  to  the  use  of  a  fiber  ferrule 
and  thus  cannot  be  considered  as  a  true  fiber-tip  sensor. 

1.1.3  Motivation 

Miniature  pressure  sensors  have  been  pursued  in  many  fields,  especially  for  medical 
applications,  for  example,  in  the  development  of  minimally  invasive  surgical  tools. 


More  and  more  medical  procedures  are  benefiting  from  these  miniature  pressure 
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sensors  .  Such  optical  fiber  sensors  can  be  positioned  at  the  tip  of  instrumented 
catheters  to  give  useful  feedback  during  surgical  process. 

Optical  fiber  sensors  have  been  used  for  the  direct  visualization  of  the  gastrointestinal 
tract,  bronchial  system,  and  vasculature  through  natural  body  orifices  or  small 
incisions32.  Taking  these  advantages,  physicians  are  able  to  reduce  patient  trauma, 
decrease  surging  time,  and  accelerate  recovery. 

Invasive  pressure  measurement,  such  as  monitoring  of  arterial  or  venous  blood 
pressure,  coronary,  pulmonary  and  intracranial  pressure  measurements,  is  another 
potential  application  of  these  miniature  pressure  sensors.  Today’s  most  invasive 
pressure  measurements  use  fluid  filled  catheter  that  transfers  measured  pressure  to 
external  transducer.  However,  its  bulky  size  makes  it  very  difficult  to  apply  in  small 
blood  vessels. 

Current  studies  of  Fiber-tip  sensors  with  silica  or  metal  films  usually  have  a  thickness 
of  several  micrometers,  which  limits  their  sensitivity.  A  film  with  thickness  in  the 
range  of  hundreds  of  nanometers  is  preferred  for  this  kind  of  fiber-tip  sensor.  It  is  still 
a  big  challenge  to  get  fiber-tip  sensors  with  precisely-controlled  film  thickness  below 
hundreds  nm.  A  new  structure  and  new  fabrication  method  is  in  need  to  obtain  high 
sensitivity  and  small  size  fiber-tip  sensors  with  ultra- thin  diaphragms. 

In  this  thesis,  a  novel  fabrication  method  to  get  fiber-tip  sensors  with  film  thickness  in 
the  range  of  nanometers  was  proposed.  The  proposed  fiber-tip  Fabry-Perot 


interferometer  has  small  size  and  high  sensitivity,  which  makes  it  a  perfect  candidate 
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for  medical  applications,  such  as  non-invasive  pressure  measurement  and  ultrasonic 
testing. 

1.2  Tasks  of  Current  Research 

The  tasks  in  this  thesis  include: 

1.  Develope  a  proper  fabrication  method  for  fiber  tip-sensors  based  on  thin  metal 
films;  with  thickness  of  hundreds  nanometers;  and 

2.  Study  the  performance  of  the  as  fabricated  fiber  tip- sensors,  including 
sensitivity,  linearity,  and  stability,  in  both  static  pressure  measurement  and 
ultrasonic  measurement. 

1.3  Thesis  Outline 

In  this  thesis,  a  miniature  optical  fiber  tip  pressure  sensor  with  a  diameter  of  125  pm 
was  proposed  and  fabricated;  the  static  pressure  and  ultrasonic  response  were  also 
studied. 

This  thesis  is  organized  into  five  chapters. 

Chapter  1:  Introduction.  This  chapter  covers  the  backgrounds  and  motivations  of 
the  fiber- tip  sensors  and  an  outline  of  this  thesis. 

Chapter  2:  Fiber-tip  sensor  design.  This  chapter  describes  the  considerations  for  the 
sensor  design  for  enhanced  sensitivity  and  frequency  response. 

Chapter  3:  Fabrication  of  Fiber- Tip  sensors.  This  chapter  presents  the  fabrication 


process  of  the  fiber-tip  sensor. 
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Chapter  4:  Sensor  characterization  and  test.  The  sensor’s  static  and  dynamic  pressure 
performance  is  measured  and  analyzed,  including  sensitivity,  linearity,  stability,  and 
frequency  response. 

Chapter  5:  Conclusions  and  future  work.  This  chapter  summarizes  this  thesis  and 
also  provides  some  suggestions  for  future  research. 
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Chapter  2  Design  of  Fiber-Tip  Sensors 

Fiber-tip  pressure  sensors  have  attracted  a  great  deal  of  interesting  attention  recently. 
These  devices  are  usually  manufactured  with  rectangular  or  circular  films  with 
thickness  in  the  order  of  micrometers.  The  development  of  a  high-performance  thin 
film  structure  is  of  critical  importance  in  realizing  these  sensors.  Thin  film  with  linear 
deflection  is  needed  in  these  pressure  sensors.  In  order  to  increase  the  sensitivity,  the 
film  thickness  should  be  thin  to  maximize  the  deflection  responses.  However,  the  thin 
film  also  leads  to  lower  resonant  frequencies.  In  order  to  have  a  flat  response  in  the 
interested  frequency  range,  the  upper  limit  of  the  measured  frequency  needs  to  be 
much  lower  than  the  lowest  resonant  frequency  of  the  sensor.  In  addition,  the  size  of 
the  diaphragm  also  has  a  significant  effect  on  the  sensitivity  and  frequency  response 
of  the  sensor.  Therefore,  it  is  important  to  study  the  relationship  between  the  film 
structure  (thickness,  radius,  and  material  properties)  and  sensor  performance 
(sensitivity  and  frequency  response). 

2.1  Thin  Film  Pressure  Response 

One  common  way  to  study  the  elastic  properties  of  thin  films  is  the  load-deflection 
method  .  In  this  technique,  the  deflection  of  a  suspended  film  is  measured  under  the 
applied  pressure.  The  two  typical  shapes,  round  and  square  are  discussed  in  the 


following  part,  respectively. 


2.1.1  Round  Shape  Thin  Film 


For  the  clamped  round  shape  thin  film  on  the  fiber  tip,  it  can  be  deflected  under  a 
uniform  pressure  P.  As  shown  in  Fig. 2.1. 


mi 


Figure  2.1  Deflection  of  round  shape  film  under  pressure 


The  center  deflection  of  the  round  film  y  is  a  function  of  the  pressure  given  by 
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3(l-v2)P  4 

v  =  — 1 - —  r 

7  16Eh 3 


(i) 


Where  y  =  deflection  of  the  film 
P  =  pressure 
h  =  film  thickness 
r  =  effective  film  radius 

E  =  Young’s  Modulus.  The  average  value  of  Young’s  Modulus  for  bulk 
silver  is  83  GPa35. 

v  =  Poisson’s  Ratio.  When  an  object  is  stretched  or  squeezed,  to  an 
extension  or  contraction  in  the  direction  of  the  applied  load,  it  will  induce  a 
contraction  or  extension  in  the  direction  perpendicular  to  the  applied  load. 


Poisson’s  Ratio  is  the  ratio  between  these  two  quantities.  Most  materials  have 
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Poisson's  ratio  values  ranging  between  0.0  and  0.536.  Silver  has  a  Poisson’s  ratio 
ofO.36737. 


Eq.  (1)  is  valid  only  if  the  deflection  is  smaller  than  30%  of  the  film  thickness  and  the 
thickness  of  the  film  should  not  be  more  than  20%  of  the  diameters.  For  any  given 
fiber-tip  sensor,  it  has  a  finite  pressure  measurement  range  which  is  determined  by  the 
thickness  and  radius  of  the  film,  young’s  modulus  and  poisson’s  ratio  of  the  materials. 


The  maximum  measurable  pressure  with  linear  response  can  be  calculated  by 

8Eh3 


34 


p  < 


5(1-  v  )r4 


(2) 


2.1.2  Square  Shape  Thin  Film 


lO 

The  load-deflection  relationship  for  square  films  can  be  expressed  by 

Pa4  _  4.2  y  1.58  y 3 

Eh4  (1-v2)  (1— v) 

Where  P  is  the  applied  pressure  (Pascal) 
y  is  the  center  deflection  of  the  film 
a  is  the  half  side  length 
h  is  the  thickness  of  the  film 


(3) 


Eq.  (3)  includes  a  linear  term  and  a  non-linear  cubic  term  of  y,  which  describe  two 
different  deflection  ranges,  respectively.  The  linear  term  describes  the  relationship 
when  the  deflection  is  less  than  25%  of  the  film  thickness;  the  non-linear  term  related 
with  a  deflection  larger  than  25%  of  the  film  thickness. 
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There  is  a  general  rule  for  the  film  design:  for  a  linearity  better  than  0.3%,  the 
maximum  deflection  of  the  film  at  the  center  part  should  be  limited  to  one  quarter  the 

on 

film  thickness  . 

For  the  linear  term  in  Eq.  (3), 


_  pa4(l-v2) 
^  4.2Eh3 


(4) 


In  conclusion,  the  deflection  change,  i.e.,  the  gap  change  between  the  fiber  end  and 
the  thin  film,  is  linearly  dependent  on  the  applied  pressure.  Resolving  the  deflection 


change  from  the  spectral  shift  can  provide  information  about  the  pressure40. 


It  can  be  seen  from  Eqs.  (1)  and  (3),  both  for  round  shape  film  and  square  shape  thin 
film,  that  the  maximum  pressure  can  be  greatly  improved  by  increasing  the  thickness 


and/or  decreasing  the  size  (radius  or  length)  of  the  film. 


2.1.3  Sensitivity 


Sensitivity  (5),  defined  by  the  ratio  of  the  deflection  to  the  pressure  applied,41’42  is  one 
of  the  most  important  performance  parameters  of  a  pressure  sensor. 

For  a  round  shaped  film,  the  sensitivity  is  given  by 

5  = 


.34 


3(1— V2) 
16Eh3 


(5) 


The  sensitivity  is  highly  dependent  on  the  film’s  thickness  and  radius.  When  the 
thickness  is  fixed,  the  sensitivity  increases  with  increasing  film  radius.  Fig  2.2  shows 
the  relationship  between  the  sensitivity  and  radius  when  using  silver  film  with  a  fixed 


thickness  of  300  nm. 
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When  the  radius  is  fixed,  the  sensitivity  decreases  as  the  thickness  increases,  as  show 
in  Fig  2.3.  Therefore,  with  thinner  and  larger  film,  high  sensitivity  can  be  obtained. 


Figure  2.3  Sensitivity  versus  thickness  under  a  fixed  radius  of  38  pm  (silver  film) 


2.2  Film  Frequency  Response 


The  film  frequency  response  is  also  an  important  consideration  regarding  the  sensor 
design,  especially  when  the  sensors  are  designed  for  ultrasonic/acoustic  measurement. 
In  order  to  achieve  good  linearity  of  the  sensor  responses  to  the  applied  pressure,  the 
signal  frequency  needs  to  be  much  smaller  than  the  lowest  resonant  frequency  of  the 


diaphragm  structure. 
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2.2.1  Round  Shape  Thin  Film 

Assume  the  film  act  as  a  free  vibrating  circular  plate  clamped  rigidly  at  the  edge.  Its 


lowest  resonant  frequency  fo  is  expressed  as  follows:34 


1  n  91  P  Vi 


(6) 


Where  h  is  the  thickness  of  the  film 
r  is  the  effective  film  radius 
p  is  mass  density  of  the  film  material 
v  is  the  Poisson’s  ratio 
E  is  the  Young’s  modulus  of  the  film  material. 

Fig  2.4  shows  the  relationship  between  the  lowest  resonant  frequency  and  the  radius 
of  a  silver  film  with  a  fixed  thickness  of  300  nm.  It  can  be  seen  that  a  small  radius  is 
needed  to  get  a  high  resonant  frequency. 
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Figure  2.4  The  lowest  resonant  frequency  versus  radius  under 
a  fixed  thickness  of  300  nm  (silver  film) 
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The  relationship  between  the  lowest  resonant  frequency  and  the  thickness  of  a  silver 
film  with  a  fixed  radius  of  38  pm  is  also  shown  in  Fig  2.5.  They  have  a  linear 
relationship,  the  lowest  resonant  frequency  increases  with  thickness. 


Figure  2.5  The  lowest  resonant  frequency  versus  thickness  with 
a  fixed  radius  of  38  pm  (silver  film) 

2.2.2  Square  Shape  Thin  Film 


Assuming  that  the  deflection  of  the  thin  film  is  small  compared  to  its  thickness.  The 
Reyleigh-Ritz  method  can  be  used  to  find  the  frequency  of  the  lowest  mode  of 
vibration  for  square-shaped  thin  film  ’4.  The  fundamental  frequency  for  a  square  plate 


having  density  p  and  oscillating  in  a  medium  with  density  pm  can  be  expressed  by: 


fi  = 


10.21 

a2V l+K 


(7) 


Where  gis  acceleration  of  gravity,  B  and  D  is  given  by 


8  =  0.6689  — - 

p  h 


D  = 


Eh3 

12(1— V2) 


(8) 

(9) 


Where  a  is  the  half  side  length,  h  is  the  thickness  of  the  film. 
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2.3  Film  Thickness  and  Radius  Considerations 


As  shown  in  Eq.  (3)  and  (7),  high  frequency  response  and  high  sensitivity  are  two 
opposing  requirements  for  the  thin  film.  The  frequency  response  is  proportional  to  the 
thickness  and  inversely  proportional  to  the  square  of  the  radius.  Generally,  in  order  to 
obtain  a  flat  response  within  a  specific  frequency  range,  the  working  frequency  should 
be  far  lower  than  the  lowest  resonant  frequency.  In  order  to  measure  dynamic  pressure 
at  high  frequency,  a  thin  film  with  high  natural  frequency  is  needed.  In  this  case,  a 
thicker  and  smaller  film  is  preferred.  This  is  contrary  to  the  requirement  of  high 
sensitivity.  So  there  should  be  a  tradeoff  to  design  the  film  with  a  proper  radius  and 
thickness,  depending  on  the  application  requirement.  However,  we  show  that  any 
desired  sensitivity  and  natural  frequency  can  be  simultaneously  obtained  by  a  film 
with  appropriate  thickness  and  size. 

Let’s  consider  a  round  thin  film,  for  any  given  values  of  5  and  f0y  solving  Eqs.  (5)  and 
(6),  we  get 


h  =  0.014 


r  =  0.0611 


p2(l-v2)  6/02 

E  1 


(10) 

(11) 


pi.S(i_v2)  5°-5/01S 

Eqs.  (10)  and  (11)  indicate  that  the  sensitivity  and  response  frequency  can  be 
simultaneously  increased  by  reducing  the  thickness  and  radius  of  the  film. 

In  order  to  design  a  high  sensitivity  pressure  sensor  for  measuring  static  and  dynamic 


pressure,  the  cavity  length  (the  distance  between  the  fiber  and  thin  film),  diameter  and 


film  thickness  are  three  key  parameters. 
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2.4  Material  Selection 

According  to  Eqs.  (5)  and  (6),  materials  properties,  such  as  Young’s  modulus, 
Poisson’s  ratio  and  mass  density,  will  also  affect  the  sensitivity  and  frequency 
response.  However,  these  influences  on  the  sensitivity  and  frequency  are  not  as 
notable  as  the  film  radius  and  thickness.  Fig  2.6  illustrates  the  relationship  between 
sensitivity  and  Poisson’s  ratio  based  on  the  assumption  that  the  young’s  modulus  is  a 
constant  for  different  materials. 


With  thermal  evaporation  technology,  many  kinds  of  materials  can  be  used  to  form  the 
thin  film,  such  as  aluminum,  copper,  silver,  and  gold.  In  this  thesis,  silver  was  selected 


for  the  sensor  fabrication. 
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Chapter  3  Fabrication  of  Fiber-Tip  Sensors 

The  whole  fabrication  processes  of  the  proposed  Fiber-tip  sensor  has  three  separate 
steps,  including  (1)  preparing  the  silver  film;  (2)forming  the  optical  cavity;  and  (3) 
bonding  the  silver  film  to  the  cavity.  These  processes  are  sketched  in  Fig. 3.1  and 
explained  in  details  in  this  chapter. 

(1)  (2)  (3) 


Figure  3.1  Fabrication  processes  of  the  Fiber-tip  sensors 

3.1  Silver  Film  Preparation 

Silver  thin  film  is  deposited  by  vacuum  thermal  evaporation.  Vacuum  thermal 
evaporation  is  a  common  method  of  thin  film  deposition,  and  has  found  wide 
applications  for  organic  electronic  devices.  The  source  material  is  heated  and 
evaporated  in  a  vacuum.  The  vacuum  allows  vapor  particles  to  travel  directly  to  the 
substrate,  where  they  condense  back  to  their  solid  state. 

For  the  silver  film  deposition,  bulk  silver  was  put  on  the  tungsten  filament,  and  was 
heated  to  the  point  where  the  silver  evaporates  in  vacuum.  The  silver  vapor  finally 
condenses  in  the  form  of  a  thin  film  on  the  cold  glass  substrate  surface.  Usually  low 
pressure  of  10  6  Torr  is  used  to  avoid  reaction  between  the  vapor  and  atmosphere.  At 


these  low  pressures,  the  mean  free  path  of  vapor  atoms  is  the  same  order  as  the 
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vacuum  chamber  dimensions,  so  these  particles  travel  in  straight  lines  from  the 
evaporation  source  towards  the  substrate.  The  film  thickness  and  deposition  speed 
was  monitored  by  a  quartz  crystal  resonator  simultaneously.  A  shadow  mask  was  used 
between  the  substrate  and  the  material  source  to  form  special  shape  of  the  thin  films. 
In  this  thesis,  A  300  nm  thick  silver  films  with  round  shape  was  deposited  to  fit  the 
fiber  head  face.  Fig. 3. 2  shows  a  sketch  of  the  deposition  process  with  a  shadow  mask. 
The  evaporated  silver  particles  were  passing  through  the  mask  and  directly  condensed 
to  solid  state  on  the  glass  substrate. 


-»  Substrate 


Mask 


Evaporated 

Materials 


oo  o  o  o 
oo  o  o  o 
oo  o  o  o 
o  o  o  o  o 


Mask  with  holes 


Figure  3.2  Sketch  of  the  deposition  process  with  a  shadow  mask  inside  a  vacuum 

system 

In  order  to  get  a  more  uniform  silver  film  that  can  easily  be  peeled  off  from  the 
substrate,  an  intermediate  layer  was  deposited  between  silver  and  glass  substrate,  as 
shown  in  Fig. 3. 3  (a).  A  water-soluble  material  can  be  used  for  this  purpose,  such  as 
lithium  fluoride  (LiF)  and  PEDOT:PSS.  Here  lithium  fluoride  was  selected  as  the 
intermediate  layer,  which  has  a  thickness  of  100  nm  by  thermal  evaporation.  Fig.3.3 
(b)  shows  the  deposited  silver  film  with  different  diameters  on  glass  substrate.  With 
this  method,  hundreds  pieces  of  films  can  be  obtained  with  one  deposition  process, 


which  is  suitable  for  mass  production. 
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Silver  Layer 
Intermediate  Layer 


(a) 


(b) 


Figure  3.  3  Sketch  of  the  intermediary  layer  (a)  and  picture  of  deposited  silver  with 
different  diameters  on  glass  substrate  (b) 


3.2  Cavity  Formation 


For  the  proposed  Fiber-tip  sensor  fabrication,  the  general  idea  is  to  use  a  micro  tube  to 
connect  the  thin  film  and  the  fiber.  The  micro  tube  is  a  glass  tube  that  has  a  diameter 
in  the  range  of  hundreds  micrometers.  Two  different  methods  have  been  used  to  form 
the  cavity  at  the  tip  of  a  fiber  depending  on  the  diameter  of  the  micro  tube. 


3.2.1  First  Method 


In  this  method,  the  micro-tube  used  has  an  outside  diameter  of  365  pm  and  inside 


diameter  of  150  pm.  The  fabrication  process  of  the  cavity  was  summarized  as  follows: 
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The  protective  plastic  coating  of  the  single  mode  fiber  (SMF)  was  firstly  removed  and 
then  the  fiber  was  cleaved.  After  that  the  fiber  was  put  into  the  micro-tube  from  one 
end.  With  the  help  of  a  microscope,  the  fiber  was  pushed  slowly  in  to  the  tube  and 
stopped  when  the  proper  distance  between  the  tube  and  the  fiber  end  surface  was 
obtained.  Then  UV  cure  adhesive  was  used  to  bond  the  fiber  with  the  tube.  Finally, 
the  cavity  was  obtained,  as  shown  in  Fig. 3.4. 


Figure  3.4  The  formed  cavity  with  micro  tube  by  method  1 


3.2.2  Second  Method 


In  order  to  reduce  the  overall  size  of  the  sensor,  a  micro-tube  that  has  the  same  outside 
diameter  as  the  optical  fiber  was  selected.  The  inner  diameter  of  the  tube  used  is  70 
pm  and  the  outside  diameter  is  125  pm. 

First,  the  SMF  fiber  was  spliced  with  the  micro  tube  by  fiber  splicer  in  manual  mode. 
With  proper  splice  parameters,  they  can  be  spliced  together  without  obvious  damage 
to  the  fiber  end  surface.  Then  the  tube  was  cut  to  the  specified  length  with  the  help  of 


a  microscope.  Fig  3.5  shows  the  cavity  formed  by  this  method. 


Figure  3.5  The  formed  cavity  with  micro  tube  by  method  2 


3.3  Adhesion  process 


The  adhesion  process  is  aims  to  attach  the  silver  films  to  the  fabricated  cavity  (the  end 
surface  of  the  micro  tube).  Epoxy  UV  cure  adhesive  was  used  to  do  the  attachment. 
The  micro  tube  was  fixed  on  a  stage  and  can  move  up  and  down  with  accurate  control. 
The  setup  for  this  process  includes  a  microscope  and  monitor,  translational  stage,  and 
UV  lamp,  as  shown  in  Fig  3.6. 


Figure  3.6  Setup  for  the  adhesive  process,  includes  microscope  and  monitor, 

translational  stage,  UV  lamp 

The  adhesion  process  includes  3  steps,  as  shown  in  Fig. 3. 7  (l)-(3). 
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(3) 
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Substrate 


Silver  Layer 
Intermediate  Layer 


Figure  3.7  Sketch  of  the  adhesive  process:  (1)  attach  the  UV  adhesive  to  the  end 
surface  of  the  cavity;(2)  attach  the  silver  film  to  the  cavity;  (3)  peel  off  the  silver  film 

from  the  substrate. 

Firstly,  the  adhesive  was  put  onto  the  end  surface  of  the  tube.  With  the  help  of  a 
microscope,  the  tube  was  moved  down  to  the  UV  adhesive  film,  and  after  they 
touched  with  each  other,  the  tube  was  lifted  up.  With  this  step,  the  UV  cure  adhesive 
can  be  successively  attached  to  the  end  surface  of  the  cavity,  see  Fig. 3.7.  (1)  and 
Fig. 3. 8.  In  order  to  avoid  the  syphonage  effect  by  the  micro  tube,  the  epoxy  adhesive 
was  spin  coated  on  a  glass  substrate  (4,000  rpm,  for  1  min).  Through  spin  coating,  a 
uniform  adhesive  film  can  be  obtained  with  a  thickness  of  about  3  pm. 

Secondly,  the  silver  film  was  put  under  the  micro  tube  and  the  tube  was  moved  down 
again.  Once  they  attached,  a  UV  lamp  was  put  aside  to  provide  a  UV  irradiation  to  the 
adhesive  for  about  10  minutes  (the  needed  time  depends  on  the  UV  light  intensity). 
Then  the  film  was  attached  to  the  micro  tube  firmly,  see  Fig. 3. 7.  (2)  and  Fig. 3. 9. 
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In  the  end,  a  drop  of  water  was  put  on  the  substrate  which  will  dissolve  the 
intermediate  layer  of  lithium  fluoride,  as  shown  in  Fig. 3.7.  (3).  The  silver  film  then 
can  be  peeled  off  without  any  damage.  Thus  a  Fiber-tip  sensor  has  been  fabricated. 
Fig. 3. 10  shows  the  fabricated  fiber-tip  sensors,  on  topside  is  the  sensor  with  micro 
tube  that  has  a  larger  diameter  and  the  downside  has  a  smaller  diameter. 


Figure  3.8  The  adhesion  process  (1).  This  picture  shows  the  micro  tube  cavity 
has  been  touched  to  the  UV  cure  adhesion  on  the  glass  substrate. 


Figure  3.9  Monitor  of  Microscope,  this  picture  shows  the  silver  film  was 
attached  to  the  cavity  at  the  fiber  end 
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Figure. 3. 10  Pictures  of  the  sensor  made  by  the  first  method  (upside)  and  second 

method  (downside) 

The  whole  fabrication  process  is  summarized  in  Fig. 3. 11  (a)-(f)43. 
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Figure  3.11  Sensor  fabrication  process  (a)-(d),  silver  thin  film  deposited  on  a  glass 
substrate  (e),  and  an  optical  microscope  picture  (f)  of  a  typical  sensor  fabricated 
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Chapter  4  Sensor  Characterization  and  Test 


4.1  Static  Pressure  Test 


The  sensor’s  response  to  static  gas  pressures  was  tested.  Compressed  liquid  nitrogen 
(N2)  and  a  gas  regulator  were  used  to  provide  constant  pressure  for  this  measurement. 
The  differential  gas  pressure  is  changed  from  0  psi  to  50  psi  in  steps  of  10  psi.  The 
fabricated  sensor  is  put  in  a  plastic  tube;  the  gas  pressure  was  applied  through  the 
other  end  of  the  plastic  tube,  as  shown  in  Figs  4.1  and  4.2. 


Figure  4.1  Measurement  setup,  includes  air  pressure  source,  Sil25  interrogator,  and 

computer 


El 

Figure  4.2  Sealed  sensor  under  testing,  the  gas  pressure  was  applied  through  the  white 
plastic  tube  at  the  left  side;  the  fiber-tip  sensor  is  sealed  in  the  blue  plastic  tube. 
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Figure  4.3  Result  of  two-beam  interference  of  the  Fiber-tip  sensor 
Fig.4.3  shows  the  reflection  spectrum  of  a  fabricated  sensor  measured  by  a  sensor 
interrogator  (Sil25,  Micro  Optics).  It  is  a  result  of  two-beam  interference.  The  cavity 
length  d  can  be  calculated  by 


d  = 


2  SA 


(12) 


Where  A  is  the  dip  wavelength,  5A  is  the  wavelength  spacing  between  two  adjacent 
fringes.  The  sinusoidal  interference  fringes  indicate  that  the  FP  cavity  length  is  around 
110  pm.  Fig. 4.4  shows  the  reflection  spectrum  of  the  fiber-tip  sensor  at  different 
differential  pressure  levels  measured  by  a  sensor  interrogator  (Sil25,  Micron  Optics). 
As  expected,  the  fringes  shifted  toward  the  lower  wavelength  as  the  gas  pressure 


increase  deformed  the  film  and  reduced  FP  cavity  length. 
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Figure  4.4  Reflection  spectrum  at  different  pressure  levels 


4.1.1  Linearity 

The  linearity  is  an  important  parameter  for  a  sensor  to  detect  a  wide  range  of  signal 
intensities.  The  linearity  of  the  fiber-tip  sensor  is  measured  under  different  static  gas 
pressures.  The  spectral  valley  in  the  range  of  1540-1550  nm  and  its  linear  fitting  curve 
as  a  function  of  differential  pressure  is  shown  in  Fig.4.5.  The  linear  fitting  curve 
indicates  that  the  fiber-tip  sensor  has  a  very  good  linear  response  to  differential 
pressure,  with  a  correlation  coefficient  ( R )  of  0.99989.  From  the  FP  cavity  length  and 
the  linear  fitting  curve,  the  pressure  sensitivity  of  the  sensor  is  calculated  to  be 


approximately  1.6  nm/kPa. 
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Figure  4.5  spectral  position  of  the  fringe  valley  vs.  differential  pressure 


4.1.2  Stability 


To  check  the  stability,  a  constant  pressure  of  10  psi  was  applied  to  the  sensor  for  up  to 
60  minutes  and  the  results  were  recorded  at  10,  30  and  60  minutes,  respectively.  As 
shown  in  Fig  4.6,  the  reflection  spectrums  show  a  slight  shift  (approximately  10%)  to 
the  short  wavelength  side  after  one  hour.  The  reason  for  this  shift  is  still  unclear  and 
needs  to  be  further  studied.  However,  one  possible  reason  may  come  from  the 
unstable  air  pressure  source. 


Figure  4.6  Stability  of  the  sensor 
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4.2  Frequency  Response  Test 


In  addition  to  the  static  pressure  test,  the  impulse  response  of  the  same  sensor  was 
also  characterized  to  an  ultrasonic  pressure  field  generated  by  an  ultrasonic 
piezoelectric  transducer  (PZT)  in  water  and  then  obtained  the  frequency  response  of 
the  sensor  by  carrying  out  the  Fourier  transform  of  its  impulse  response.  The 
experimental  setup  is  schematically  shown  in  Fig. 4. 7.  A  wavelength  tunable  laser  was 
used  as  the  light  source,  whose  wavelength  was  tuned  to  a  quadrature  point  of  the 
reflection  fringes  of  the  sensor.  The  reflected  light  from  the  sensor  was  detected  by  a 
high  speed  photodetector  followed  by  a  band-pass  amplifier.  The  amplification 
bandwidth  of  the  amplifier  is  20  KHz  -  20  MHz.  The  PZT  has  a  resonant  frequency  of 
5  MHz  and  is  powered  by  a  pulser  to  generate  an  ultrasonic  impulse.  Fig  4.8a  shows 
the  ultrasonic  generated  impulse,  which  is  measured  by  the  same  PZT  using  the 
“pitch-and-catch”  mode  through  a  point  reflector  placed  at  the  center  between  the 
PZT  and  the  fiber-tip  sensor.  It  is  seen  that  the  ultrasonic  pulse  consisted  of  a  few 
cycles  of  a  5  MHz  signal.  The  pulse  width,  defined  by  the 


full-width-at-half-maximum  (FWHM)  of  the  ultrasonic  envelope,  is  approximately 
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600  ns.  Fig  4.8  b  shows  the  response  of  the  fiber-tip  sensor  to  the  ultrasonic  impulse. 
The  exponentially  decreasing  ringing  signal  typical  to  the  impulse  response  of  a 
resonator  is  evident  in  the  figure.  The  frequency  response  of  the  sensor,  given  by  the 
Fourier  transform  of  the  impulse  response,  is  shown  in  Fig.  4.8  c.  The  resonant 
frequency  of  the  fiber-tip  sensor  is  1.44  MHz  and  the  3-dB  bandwidth  of  the 
frequency  response  is  0.10  MHz,  from  which  the  Q-factor  of  the  film  resonance  is 
calculated  to  be  14.443. 
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Figure  4.8  Frequency  response  test  of  the  fiber-tip  sensor  :  (a)  ultrasonic  impulse 
signal  measured  by  the  5-MHz  PZT;  (b)  Response  of  the  fiber-tip  sensor  to  the 
impulse  pulse  signal  in  (a);  and  (c)  Fourier  transform  of  the  impulse  response  shown 
in  (b). 
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Chapter  5  Conclusions  and  Future  Work 

5.1  Conclusions 

1.  A  novel  fabrication  method  for  fiber-tip  sensors  based  on  an  ultra-thin  film 
have  been  proposed  and  experimentally  demonstrated.  The  film  is  prepared  by 
vacuum  thin-film  deposition  technique  and  then  transferred  to  a  micro-tube 
that  has  been  spliced  to  the  fiber  tip  and  cleaved  to  a  desired  length. 

2.  The  fabrication  method  leads  to  ultra- thin  and  precisely  controlled  film 
thickness  and  many  materials  can  be  used  for  the  film. 

3.  The  transfer  process  of  the  silver  film  can  also  be  used  for  other  kind  of  films, 
such  as  polymers,  and  the  films  made  by  other  methods. 

4.  The  ultra-thin  and  ultra-small  film  renders  a  fiber-tip  sensor  with  high 
sensitivity  and  high  frequency  response.  The  fiber-tip  sensor  demonstrated 
here  has  a  300-nm  thick  silver  film  on  a  75 -pm  inner  diameter  micro-tube, 
which  achieves  a  sensitivity  of  1.6  nm/kPa  and  a  resonant  frequency  of  1.44 
MHz. 

5.2  Future  Works 

1.  The  sensitivity  and  frequency  response  can  be  further  improved  by  using 
thinner  film  and  micro-tubes  with  smaller  inner  diameters. 

2.  Different  materials,  such  as  aluminum,  gold,  copper,  and  graphene  for  the  thin 


film  could  be  studied  according  to  the  requirements  of  unique  applications. 
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3.  Special  optic  fiber  can  be  used  to  get  unique  fiber  tip-sensors.  For  example, 
using  fibers  with  side  holes  inside,  additional  pressure  can  be  applied  to  the 
cavity  through  these  holes  to  compensate  the  measured  pressure.  In  this  case, 
it  can  be  used  to  measure  ultrahigh  pressure  without  damage  to  the  fiber 
tip-sensor. 

4.  Most  of  the  materials  are  temperature  sensitive;  their  physical  properties  will 
change  with  the  temperature  shift.  For  example,  the  effects  of  thermal 
expansion  should  be  considered  when  designing  the  fiber-tip  sensor;  the 
selected  materials  for  the  thin  film  could  not  have  big  difference  in  thermal 
expansion  coefficient  with  that  of  the  optical  fibers.  Temperature  dependence 
on  the  performance,  such  as  sensitivity  and  dynamic  range,  of  the  fiber-tip 


sensor  should  also  be  studied  in  the  future. 
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